A low-cost hybrid-integrated transmitter optical sub-assembly (TOSA) for a 100-Gb/s coarse wavelength division multiplexing (CWDM) transceiver with high assembly tolerance has been demonstrated. We have proposed a novel two-lens configuration for the coupling between distributed feedback laser diodes and a silica-based planar lightwave circuit arrayed waveguide grating to relax the lenses assembly requirement. For this TOSA, the 1-dB assembly tolerances of all lenses are over ±15 µm. Furthermore, we use a flexible printed circuit to connect the interior and exterior of the TOSA for radiofrequency signal transmission instead of the conventional ceramic feed-through box. Finally, a TOSA was packaged with a size of 22 mm × 10.7 mm × 4.5 mm. Error-free transmission over a 10-km single-mode fiber was successfully achieved when all four lanes were driven simultaneously with a total bit rate of 4 × 25.78125 Gb/s at an operating temperature of 25°C.
Introduction
To cope with the explosive growth of data traffic in the telecommunication networks and data center networks, the compact and cost-effective 100-GbE optical transceivers have attracted great attentions. In general, coarse wavelength division multiplexing (CWDM) technology is considered as one solution to increase the transmission capacity [1] . To further reduce both the power consumption and size of the 100-GbE transceiver deployed in data centers, 100-GbE CWDM QSFP28 transceivers are defined in the multi-source agreement (MSA) [2] for the 2-km and 10-km transmission. One key component for 100-GbE CWDM QSFP28 transceivers is a miniature multi-lane transmitter optical sub-assembly (TOSA). To fabricate such a TOSA with multi-lane configuration in volume, yield and cost are essential to be considered.
In recent years, silicon photonics technology has been regarded as a favorable platform for the 100-Gb/s transceivers and beyond. By far, 100-Gb/s CWDM transceivers approaches based on silicon photonics technology have been reported [3] , [4] . However, the volume fabrication of silicon-based transmitters remain troublesome, due to the challenging molecular bonding process between the III-V components and silicon-chip [5] . Moreover, the thermal sensitivity of silicon-based wavelength division multiplexer for CWDM TOSA is still problematic [6] - [8] . In fact, 100-GbE TOSAs using free space optics or silica planar lightwave circuit (silica-PLC) arrayed waveguide grating (AWG) hybrid integration have been widely investigated for their relatively mature technology. As reported in [9] , [10] , the TOSAs are developed using free space optics (wavelength filters and polarization beam combiner). However, the assembly and alignment of dozens of optical components could result in very complicated fabrication process and low yield. Additionally, the relatively large size of free space optics introduces severe limitations when further miniaturization is required for future generation transceiver. In contrast, hybrid integration based on silica-PLC AWG is more attractive due to the advantages of more compact size, simpler fabrication process and compatibility. Until now, numerous silica-PLC AWG based hybrid integration 100-GbE TOSAs [11] - [17] have been demonstrated. Generally, those TOSAs can be catagorized as two types according to the optical coupling schemes: butt coupling [11] - [13] and lens coupling [14] - [17] . Butt coupling schemes require a submicron alignment tolerance and have a high coupling loss because of the significant mode mismatch between LDs and waveguide [15] . Although the coupling loss can be reduced by integrating a spot size convertor [12] , the LD design and fabrication become considerably complicated [18] , [19] . In contrast, the lens coupling based TOSAs exhibit a relatively low coupling loss. However, in these TOSAs, the optical coupling between the LDs and PLC waveguide via a single lens or two lenses still requires submicron assembly tolerance. Although utilizing high-power laser welding [14] and micromechanical techniques [15] can achieve precise submicron alignment, these approaches are time-consuming and costly for mass fabrication. In [17] , an approach based on two ball lenses between the distributed feedback laser diodes (DFB-LDs) and silica-PLC AWG has been proposed to reduce the process complexity. However, for this scheme, all the lenses are adhesively bonded laterally, and the alignment requirement is still stringent, since the considerable post-bonding shifts of the lenses in the vertical direction will degrade the performance and manufacturing yields of TOSA. On the other hand, to reduce the TOSA packaging cost, a low-cost non-hermetic metal box can be employed instead of the expensive hermetic ceramic feed-through box [20] .
In this paper, we present a hybrid integration solution for building a low-cost multi-lane CWDM TOSA capable of 10-km single-mode fiber (SMF) transmission. To reduce the TOSA size, we use a silica-PLC AWG chip with a refractive index difference of 1.5% between the core and cladding, which can multiplex wavelengths from 1271 nm to 1331 nm with a spacing of 20 nm. For ease of optical coupling alignment, we propose a two-lens configuration between the DFB-LDs and silica-PLC AWG, which has been investigated in detail through both simulation and experiment. Moreover, we use a non-hermetic metal box to replace the costly conventional hermetic ceramic box for cost-effectiveness. As a result, we obtain 4 × 25.78125 Gbit/s error-free transmission over a 10-km SMF for the packaged TOSA at an operating temperature of 25°C.
Design and Fabrication
The schematic of the proposed TOSA is presented in Fig. 1 . The TOSA is mainly composed of a metal box, a silica-PLC AWG, four DFB-LD subassemblies, four 1st lenses, four 2nd lenses, a 3rd lens, a flexible printed circuit (FPC), and a receptacle integrated with an isolator. Cost and manufacturability are very important aspects to be considered for the TOSA. For the proposed TOSA, we eliminate the expensive conventional hermetic ceramic box. Instead, a common nonhermetic metal box is employed. And, a FPC is introduced to connect the inside DFB-LDs and the exterior of the TOSA. The four DFB-LD subassemblies are adhesively bonded to the FPC with a pitch the same as the input port pitch of the silica-PLC AWG. On the other hand, to ensure the fabrication yield of the TOSA, we propose a novel two-lens configuration between the DFB-LDs and silica-PLC AWG, avoiding the submicron accuracy assembly requirement of lenses. The 1st lens is a commercial aspheric lens, which can collimate the light from DFB-LD. The 2nd lens is an in-house designed low cost cylindrical lens, which can focus the collimating beam to the silica-PLC waveguide. The input facet of silica-PLC AWG is attached with a glass block using UV-curable adhesive. The refractive indices of the glass block, adhesive and silica-PLC waveguide core are similar so that optical back reflection at the interfaces can be minimized. The FPC and silica-PLC AWG are attached to the metal box made of ferronickel alloy using epoxy. Moreover, the output light from silica-PLC AWG is coupled to the receptacle via the 3rd lens. Lastly, to protect the DFB-LDs from external moisture penetration, a piece of metal dam is attached to the rear of the metal box above the FPC. Then, we use an elastic epoxy to seal the slits between the dam, metal box and FPC.
The individual DFB-LD (Mitsubishi) is fixed on an aluminum nitride (AlN) submount as shown in the inset of Fig. 1 . According to the measurement, the DFB-LD has a full width at half maximum (FWHM) of 35°and 30°for the vertical and horizontal directions, respectively. Then, the DFB-LD subassembly is attached to the FPC by using silver epoxy. The design of AlN and FPC is very critical to achieve a good radiofrequency (RF) performance. To satisfy the bit rate transmission of 25.78125 Gbit/s, the structure of AlN and FPC is designed and simulated using electromagnetic finite-element method. The thickness, width and gap of microstrip lines on the AlN submount are optimized individually. The AlN submount has a size of 1.4 mm × 0.48 mm. The width and pitch of signal wires on the FPC are optimized as 0.28 mm and 0.5 mm, respectively. The FPC is 10.2 mm and 9 mm in length and width, respectively, which is designed with low dielectric constant polyimide type flexible copper-clad-laminate. Moreover, the FPC has a ground-signal-signal-ground structure for each lane. The RF return loss (S11) and insertion loss (S21) of the FPC were found to be more than 30 dB and less than 0.3 dB, respectively, at 20 GHz. Fig. 2(a) shows the top view and schematic side view of the used silica-PLC AWG chip (Shijia Photons Technology), which has four input ports with a pitch of 2 mm and one output port. The silica-PLC AWG is 12 mm and 7 mm in size. The refractive index difference between the cladding (n SiO2 = 1.4475) and core (n SiO2−GeO2 = 1.4692) of the silica-PLC AWG is 1.5%. The core size of the PLC waveguide is 4.25 µm × 4.15 µm. The AWG is designed for multiplexing four CWDM lanes with central wavelengths of 1271, 1291, 1311, and 1331 nm. Fig. 2(b) illustrates the measured output spectra of the used silica-PLC AWG multiplexer. We have obtained an insertion loss less than 2.5 dB at the central wavelength and 1-dB bandwidth larger than 10 nm for all four lanes. Then, the silica-PLC AWG is fabricated with a polishing angle of 8 degrees at the output port, in order to avoid the instability of DFB-LDs caused by the optical back reflection from the waveguide facet. Lens assembly tolerance is usually used to evaluate the manufacturability of the lens-based TOSA [14] . Fig. 3(a) illustrates the two-lens optical coupling schematic between the DFB-LD subassembly and silica-PLC AWG. To assess the two-lens coupling, here we used a silica-PLC AWG chip buttcoupled with a pigtail fiber at the output port in this step. The 1st lens is a commercial aspheric lens (ALPS), which can collimate the light from DFB-LD. The 2nd lens is an in-house designed low cost cylindrical lens, which can focus the collimating beam to the silica-PLC waveguide. First, the DFB-LD subassembly was fixed on a stage and powered by a direct current probe. The 1st lens, 2nd lens and silica-PLC AWG were separately installed on a six-axis manual alignment stage. Then, the silica-PLC AWG was coaxially aligned relative to the DFB-LD subassembly at a distance of 5.965 mm as designed. The 1st lens was loaded and aligned to be 0.45 mm away from the DFB-LD subassembly. Subsequently, the 2nd lens was tuned to be 2 mm away from the 1st lens. The thicknesses of the 1st and 2nd lenses are 1.115 mm and 2.0 mm, respectively. Finally, both the 1st and 2nd lenses were aligned cautiously in the XY-plane to reach a maximum output power from the silica-PLC AWG. Fig. 3(b) shows the measured relative coupling efficiency (CE) as a function of the 1st lens position shift for both the X-and Y-directions. We also provide the simulated results, which are obtained by using the optical ray tracing method. Obviously, the simulation agrees with the experiment very well. The 2nd lens position was re-aligned and determined by the 1st lens position shift for the optimized CE. In the measurement, the 1st lens position was tuned with a step of 10 µm. As seen, the 1-dB assembly tolerance for the 1st lens is over ±25 µm in both the Xand Y-directions. Note that the assembly tolerances in the X-and Y-directions are almost the same, since the optical mode field widths of the PLC waveguide are nearly identical in the vertical and horizontal directions. Fig. 3(c) shows the measured and simulated relative CE as a function of the 1st lens position shift for the Z-direction. It is worth to mention that the best CE is measured to be about −2.5 dB for this two-lens optical coupling scheme. It is seen that the 1-dB assembly of the 1st lens is far beyond ±25 µm. Note that the assembly tolerance of the 2nd lens for the Z-direction is very important, since the 2nd lens is bonded to the glass block after aligning along the Z-direction in the packaging process. The 2nd lens position will shift considerably (approaching 1 µm) in the Z-direction after the curing of epoxy. We find that the 1-dB assembly tolerance of the 2nd lens for the Z-direction is over ±20 µm when the position offset of the 1st lens is 25 µm. Therefore, the impact of position shifts of lenses due to epoxy shrinkage on the TOSA output power can be negligible. The results show that the 1-dB assembly tolerances for both the 1st lens and 2nd lens are over ±20 µm with the 2nd lens bonded longitudinally, which is larger than the estimated ±5 µm that reported in [17] .
Then, the 3rd lens assembly tolerances are also investigated. The 3rd lens is a commercial aspheric lens (ALPS) with 4× magnification. Similarly, the receptacle position was re-aligned and determined by the 3rd lens position shift for the maximum CE. The schematic of the optical coupling between the silica-PLC AWG and receptacle is shown in Fig. 4(a) . We also used a silica-PLC chip integrated with a pigtail fiber to facilitate the measurement. The light is injected into the PLC waveguide from an external light source. The receptacle was connected to a power meter through a jumper fiber. The distance between the PLC chip and receptacle was coaxially aligned to be 2.765 mm. The maximum CE was achieved when the 3rd lens was 0.5 mm away from the silica-PLC AWG. As seen in Fig. 4(b) , 1-dB assembly tolerance for the 3rd lens in the Y-direction is over ±15 µm. Here, we have not depicted the assembly tolerance in the X-direction, as it is almost the same as that in the Y-direction. Moreover, Fig. 4(c) shows that the 1-dB assembly tolerance of the 3rd lens in the Z-direction is over ±100 µm.
According to the above mentioned, both the 1st and 3rd lenses can be passively aligned by using a common die bonder with a placement accuracy of ±10 µm. Hence, the manufacturing feasibility and yield of our proposed TOSA could be relatively high, compared to the schemes reported in [14] - [16] . Fig. 5 shows a photograph of the fabricated TOSA. The main TOSA fabrication process can be described as below. The DFB-LD was firstly welded to the AlN submount via eutectic bonding process. Next, the corresponding pads of the DFB-LD and AlN submount were wire bonded. The silica-PLC AWG and FPC were properly assembled on the metal box by using elastic epoxy (BF-4, Henkel) and silver epoxy (H20E, EPO-TEK), respectively. Four DFB-LD subassemblies were fixed on the FPC by using silver epoxy one by one with a Finetech semi-auto die bonder. The 3rd lens and four 1st lenses were passively pick-and-placed on the metal box with the same bonder, and bonded by UV-curable adhesive. Then, we aligned the 2nd lenses. Prior to the alignment, the DFB-LDs were injected current by direct probing the FPC, a broad area photodetector was used to collect the light from the output port of silica-PLC AWG while monitoring the alignment of 2nd lenses. During the alignment, the 2nd lenses were actively aligned one by one with the help of a manual 6-axis stage. All four 2nd lenses were bonded to the glass block by using UV-curable adhesive when the output power reached maximum. Then, the receptacle was aligned and laser welded to the metal box. At last, a piece of metal dam and metal cover were attached to the metal box by using elastic epoxy (BF-4, Henkel) to protect the DFB-LDs from external moisture penetration. The size of the fabricated TOSA is 22 mm × 10.7 mm × 4.5 mm. We believe that the TOSA size could be further reduced using the 1st lenses in silicon and reducing the size of the silica-PLC AWG, in order to be compact enough for 100G QSFP28 transceiver.
Device Characterization
The fabricated TOSA was evaluated at an operating temperature of 25°C. Fig. 6 (a) depicts the optical output power when the DFB-LDs were injected current for all four lanes. It can be seen that the threshold current is around 5 mA, and no kinks were observed in the curve for each lane. It indicates that the DFB-LD (200 µm in length) has a good thermal dissipation path. The optical output power of all four lanes are 1.58, 1.5, 1.52 and 1.74 mW for Lane-0, 1, 2 and 3, respectively, when a current of 30 mA was applied on the DFB-LDs. According to the measurement, the output power of the bare DFB-LD die is around 6 mW at an injection current of 30 mA. Since the silica-PLC AWG multiplexer has an insertion loss of 2.5 dB and the coupling loss between the multiplexer and receptacle is about 0.5 dB, the CE between the DFB-LD and silica-PLC are estimated to be −2.77, −2.99, −2.96, and −2.38 dB for Lane-0, 1, 2, and 3, respectively. Moreover, we measured the output optical spectra of the packaged TOSA at an injection current of 30 mA for each lane as shown in Fig. 6(b) . We achieved single-mode lasing with a side-mode suppression ratio over 40 dB for all the four lanes. Fig. 7 shows the small signal electro-optic responses of the fabricated TOSA for all the four lanes. During the measurement, all the DFB-LDs were biased at a current of 35 mA. As a result, the 3-dB bandwidth of all the four S21 curves exceeds 18.50 GHz, which is sufficient for the TOSA operating at a bit rate of 25.78125 Gbit/s. Furthermore, the dynamic characteristics of the TOSA were evaluated by using electrical signals of 25.78125 Gbit/s, a NRZ format and 2 31 -1 PRBS. The data was obtained by driving the DFB-LDs with a pattern generator and an evaluation PCB board. Fig. 8 shows the eye diagrams of a back-toback (BtoB) transmission for all the four lanes. In the measurement, all the four lanes were driven simultaneously with a modulation current of ∼40 mA (Peak-to-peak current), when the bias current on the DFB-LDs were set to be 35 mA for all the four lanes. It manifests that clear eye openings were achieved with a Pavg over 1.75 mW and a dynamic extinction ratio of >4.0 dB for all four lanes. And, the optical modulation amplitudes (OMAs) are more than 1.99 dBm for all the lanes.
Then, as shown in Fig. 9 , we measured the bit-error-ratio (BER) link curves for the BtoB and after a 10-km SMF transmission. A tunable wavelength filter was used to extract the optical signal from each lane. Then, the optical signal was received by a photoreceiver integrated with a p-i-n photodiode and BER tester. During the measurement, all the four lanes of the TOSA were driven simultaneously with the eye diagram condition shown in Fig. 8 . The minimum average received power at a BER of 10 −12 were less than −11.8 dBm for the BtoB transmission. Moreover, we could obtain error-free transmission of a 10-km SMF transmission with the power penalties less than 0.5 dB compared with the BtoB transmission for all the four lanes. The results indicate that the Fig. 8 . Eye diagrams for the BtoB transmission of all four lanes for the fabricated TOSA at a bit rate of 25.78125 Gbit/s. The measurement was performed simultaneously for all the four lanes. Fig. 9 . Bit error ratio link curves of all the four lanes for the fabricated TOSA at the BtoB and after a 10-km transmission.
developed TOSA is promising for 100G CWDM4 QSFP28 transmission (MSA specification: DER > 3.5 dB, TDP < 3 dB and OMA power > −4.0 dBm).
Conclusions
In summary, a low-cost hybrid-integrated 4 × 25.78125-Gbit/s CWDM TOSA has been demonstrated. The DFB-LDs and silica-PLC AWG are optically coupled through the proposed two-lens configuration. With the 2nd lens bonded longitudinally, large assembly tolerances can be obtained for all the lenses. For low-cost package, a FPC was employed to connect the interior and the exterior of the TOSA. We have sucessfully fabricated a TOSA and achieved an error-free transmission over a 10-km SMF under all-lane simultaneous operation with a bit rate of 4 × 25.78125 Gbit/s. The proposed multi-lane hybrid-integration technique could be a promising approach to realize a miniature and cost-effective CWDM TOSA for the 100-GbE transceiver or 400-GbE transceiver.
